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Abstract A number of batch polymerizations were performed to study the effect of pristine nanoparticle
loading on the kinetics of free radical and RAFT polymerizations and properties of polystyrene/silica
nanocomposites. To study the kinetics of polymerization, Conversion,molecularweight andpolydispersity
index (PDI) were monitored during polymerization to investigate the reaction kinetics. According to
the results, adding nanoparticles causes no considerable change in the kinetic curves, while there is
an optimum value for nanoparticles loading in which the monomer conversion and molecular weight
reaches to its maximum level. However, increasing silica content resulted in an increase in PDI values.
In comparison with free radical polymerization, monomer conversion and molecular weight were lower
for RAFT polymerization. The prepared samples were characterized by thermogravimetric analysis (TGA),
Dynamic Mechanical Thermal Analysis (DMTA), and Differential Scanning Calorimetry (DSC). According
to TGA results, in free radical samples, one stage of degradation related to the random chain scission is
observed while degradation of RAFT nanocomposites has occurred in two steps due to decomposition of
RAFT moieties and random chain scission. Also, the best improvement of mechanical and thermophysical
properties is achieved for nanocomposites containing 5 wt% silica nanoparticles.
© 2012 Sharif University of Technology. Production and hosting by Elsevier B.V.
Open access under CC BY-NC-ND license.1. Introduction
In recent years, the inorganic–organic composites have at-
tracted much academic and industrial attention in the field of
material science due to the mild reaction conditions, low pol-
lution and excellent overall properties including mechanical,
thermal and even optical, electric, magnetic, catalytic proper-
ties, etc. [1,2]. Among inorganic nanoparticles, nanosilica is one
of the most widely used for its improvement in mechanical,
thermal and water-resistance properties [3].
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doi:10.1016/j.scient.2012.10.003Because of the variety of polymerization systems and meth-
ods, polymerization is one of themost interesting techniques to
prepare nanocomposites. Suspension [4], solution [5], bulk [6],
emulsion [7], and miniemulsion [8,9] systems have been used
in nanocomposite preparation via polymerization.
Many polymerization techniques have been adapted for
preparation nanocomposites, including conventional free rad-
ical [10], Controlled/Living Radical Polymerization (CLRP)
[11,12], anionic [13], and cationic [14] polymerizations. To
achieve optimum control over the structures of hybrids, CLRP
techniques are preferred over other methods because of the
ability to prepare the well-defined polymers with versa-
tile architectures. As compared with other CLRP techniques,
reversible addition-fragmentation chain transfer (RAFT) poly-
merization has prominent advantages that include the good
compatibility with a wide range of monomers and facile ex-
perimental conditions that are similar to conventional radical
polymerization on adding chain transfer agents (CTAs) at the
beginning of the reaction [15–17]. In RAFT polymerization sys-
tems, pre-equilibrium and main equilibrium reactions result in
evier B.V. Open access under CC BY-NC-ND license.
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peratures. Thus, it is a robustmethod to prepare polymer-based
nanocomposites with narrow molecular weight distribution of
matrix.
However, the important subject of using silica nanoparticles
in polymerization systems is their effect on polymerization ki-
netics because any change in the polymerization process leads
to a change in microstructure and properties of the product. In
this regard, some available studies are related to the investi-
gation of photopolymerization kinetics of UV-curing systems
in the presence of silica particles [18–25]. Meanwhile, some
researchers reported that silica nanoparticles slow down the
polymerization rate because they absorb UV radiation [18]. But,
in other studies, silica nanoparticles have resulted in an increase
of the rate of polymerization which has been attributed to the
changes in propagation and termination rate constants [19–21].
On the other hand, in some studies, an optimum loading of sil-
ica nanoparticles has been reported in which the polymeriza-
tion rate reaches a maximum value [22–24]. Although silica
nanoparticles have been used to synthesize polymer nanocom-
posites via different polymerization systems [26–33], there are
few studies regarding the effect of nanoparticles on the poly-
merization kinetics, especially the effect of loading.
Therefore, due to the importance of nanoparticles effect
on the kinetics of polymerization and lack of sufficient and
appropriate data in this regard, polymerization of styrene
initiated by AIBN in the presence of different amounts of silica
nanoparticles (Aerosil 200) via conventional radical and RAFT
polymerizations was studied in this work. Thus, the changes in
conversion, molecular weight and PDI values were evaluated
during polymerization in both free radical and RAFT systems.
Synthesized nanocompositeswere characterized by TGA, DMTA
and DSC techniques to obtain the effect of loading on their
properties. Also, TEM was used to study the morphology of
specimens.
2. Experimental part
2.1. Materials
Styrene (Merck, 99%) was passed through a basic alumina-
filled column and dried over calcium hydride. Aerosil 200
(specific surface area of 170 ± 25 m2/g, mean diameter of
12 nm and purity more than 99.8 wt%), as silica nanoparti-
cle, was purchased from Evonik Degussa and stirred in deion-
ized water for a day and then was separated by centrifugation,
filtered, dried, and finally stored in a vacuum oven (50 °C,
40 mm Hg). Azobisisobutyronitrile (AIBN, Acros) was recrys-
tallized from methanol. Anisole (Aldrich, 99%), toluene (Merck,
99%), tetrahydrofuran (THF, Merck, 99%), methanol (Merck,
99%), S-(thiobenzoyl)thioglycolic acid (Aldrich, 99%) as RAFT
agent, and basic aluminum oxide (Fluka) were used as received.
2.2. Polymerization of styrene via free radical and RAFT
polymerization
Batch polymerizations were performed in a 150 mL lab
reactor which was placed in an oil bath thermostated at the
desired temperature. Polymerizations were run with different
loadings of nanoparticles during 12 h for free radical (Fi samples
in which i is the wt% of nanoparticles) and 24 h for RAFT (Li
samples in which i is the wt% of nanoparticles) systems. The
reactor was degassed and back-filled with nitrogen gas three
times, and then left under N2. The batch experiments wererun by adding deoxygenated monomer (0.2 mol, 23 mL), AIBN
(0.2mmol, 0.033 g), toluene (23mL), anisole (0.5mL) as internal
standard, S-(thiobenzoyl)thioglycolic acid (0.8 mmol, 0.170 g,
in RAFT polymerization) and pristine silica nanoparticles to the
reactor and then increasing the reaction temperature to 75 °C.
A sample was taken before the reaction started as a reference
sample to measure the monomer conversion at different times
of polymerization. The resulted productswere precipitated into
methanol and dried under vacuum for 24 h at 50 °C.
2.3. Separation of polymer chains from nanoparticles
The prepared nanocomposites were dissolved in THF. By
high-speed ultracentrifugation (10000 rpm) and then passing
the solution through a 0.2 µm regenerated cellulose (RC)
filter, the free polymer chains were separated from silica
nanoparticles. The solution was then poured into methanol
(500 ml) to precipitate the polymer chains. After filtration,
polymer chainswere dried overnight in a vacuumoven at 50 °C.
2.4. Instrumentation
FTIR spectra were recorded on a Bomem FTIR spectropho-
tometer, within a range of 500–4000 cm−1 using a resolution
of 4 cm−1. An average of 32 scans has been reported for each
sample. Cell pathlength was kept constant during all the exper-
iments. The samples were prepared on a KBr pellet in vacuum
desiccators under a pressure of 0.01 Torr. Thermal gravimetric
analyses were carried out with a PL thermo-gravimetric ana-
lyzer (Polymer Laboratories, TGA 1000, UK). The thermograms
were obtained from ambient temperature to 600 °C at a heat-
ing rate of 10 °C/min. A sample weight of about 10 mg was
used for all the measurements, and nitrogen was used as the
purging gas at a flow rate of 50 ml/min. Ultrasonication was
done using a probe ultrasound (Hielscher UIP1000hd, 20 kHz,
Germany). Gas chromatography (GC), as a simple and highly
sensitive characterization method, was performed on an
Agilent-6890N with a split/splitless injector and flame ioniza-
tion detector, using a 60 m HP-INNOWAX capillary column
for the separation. GC temperature profile included an initial
steady heating at 60 °C for 10 min and a 10 °C/min ramp
from 60 to 160 °C. Samples were also diluted with acetone. Ra-
tio of monomer to anisole was measured by GC to calculate
monomer conversion. Average molecular weights and molec-
ular weight distributions were measured by gel permeation
chromatography (GPC) technique. A Waters 2000 ALLIANCE
with a set of three columns of pore sizes of 10000, 1000, and
500 Å was utilized to determine polymer average molecular
weight and polydispersity index (PDI). THF was used as the
eluent at a flow rate of 1.0 ml/min, and the calibration was car-
ried out using low polydispersity polystyrene standards. Trans-
mission electron microscope (TEM), Philips EM 208, with an
accelerating voltage of 80 kV was used to study the morphol-
ogy of the nanocomposites; the samples of 70 nm thickness
were prepared by Reichert-ultramicrotome (type OMU 3). Dy-
namic mechanical tests were performed with a PL-DMTA in-
strument (Polymer Laboratory) from ambient temperature to
160 °C at a frequency of 1 Hz with a sample size of 1 cm×3 cm.
Thermal analyses were carried out using a differential scanning
calorimetry (DSC) instrument (NETZSCH DSC 200 F3, Netzsch
Co, Selb/Bavaria, Germany). Nitrogen at a rate of 50mL/minwas
used as the purging gas. Aluminum pans containing 2–3 mg of
the samples were sealed using the DSC sample press. The sam-
pleswere heated from ambient temperature to 180 °C at a heat-
ing rate of 10 °C/min. Tg was obtained as the inflection point of
the heat capacity jump.
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3.1. Polymerization kinetics
To investigate the effect of nanoparticle loading on the
polymerization kinetics, styrene was polymerized via free
radical and RAFT polymerizations at 75 °C with initial
nanoparticles loadings of 0, 1, 3, 5, 7 and 9 wt% with respect to
monomer. Figure 1 shows the variation ofmonomer conversion
versus polymerization time. In free radical polymerization
(Figure 1(a)), the addition of silica nanoparticles affects the
kinetics of polymerization while polymerization rate does
not vary uniformly. In the early stages of polymerization,
nanoparticles exert little effect on the polymerization kinetics
while in higher conversions, increase in silica content results
in increasing of polymerization rate except F7 and F9 samples.
Increasing monomer conversion with increasing silica content
up to 5wt%might be attributed to the partially polarizing effect
of the silica nanoparticles on the reaction medium and thereby
its acceleration effect on the polymerization rate. As reported
previously, polar solvents (especially hydroxyl containing
the ones like phenol, and carboxylic acids), exert a rate
acceleration effect on the polymerization system for increasing
radical activation and reducing radical recombination rate [34].
Pendant hydroxyl groups on the surface of nanoparticles could
possibly cause a polarity change into the reaction medium.
Increasing of polymerization rate could also be ascribed to
the creation of an effective flow to facilitate the mobility of
macromolecules and reduction in termination reactions due to
an increase in viscosity. Also, the decrease in polymerization
rate at loading of 7 and 9wt% could be ascribed to the reduction
in system stability due to the formation of aggregates. In
samples F7 and F9, silica nanoparticles seem to retard thewhole
conversion versus time curve. One possible explanation could
be provided if we consider the aggregated silica nanoparticles
in an environment of reacting macroradicals and polymer
macromolecules. Then, if a live radical has to move in reaction
medium in order to find another and react (translational
diffusion), it has to overcome a resistance in its movement
not only from polymers but also from the silica aggregates.
Therefore, in an environment with the large chemical structure
of aggregates, adding an extra hindrance in the movement
of the macroradicals results in decreased polymerization rate
and monomer conversion. In the case of RAFT polymerization
(Figure 1(b)), the trend of variation in monomer conversion is
similar to that for free radical polymerization. But, conversion
values are much lower than free radical polymerization due to
reversible pre- and main equilibrium reactions.
Variations of number-average molecular weight (Mn) were
investigated during polymerization (Figure 2). In free radical
samples (Figure 2(a)), Mn increases as reaction progresses. Af-
ter increasing conversion up to nearly 50%–60%, Mn increases
vigorously. This can be ascribed to increment of bimolecular
termination reactions via combination mechanism. In RAFT
samples, Mn increases linearly with conversion due to living
characteristic of RAFT polymerization while their initial val-
ues are as large as that of commercial polymer. This can be
attributed to improper leaving group of RAFT agent. Also, in-
creasing silica contents leads to amaximumvalue ofMn at 5wt%
of silica content in both free radical and RAFT samples. Reduc-
tion of termination reaction rate due to increase in viscosity and
depression of the effect of physical phenomena such as macro-
molecules diffusion on polymerization rate constant at higher
conversions could be some reasons for increasing Mn with in-
creasing silica content. However, lower system stability in 7 andFigure 1: Conversion versus time for free radical (a) and RAFT (b) polymeriza-
tions of styrene at 75 °C and in different contents of pristine nanoparticles..
9 wt% loadings of nanoparticles may result in the decrease of
Mn. To realize less stability of the system, TEM images of differ-
ent samples prepared via free radical polymerization are shown
in Figure 3. As can be seen from images, increasing silica con-
tent causes more silica aggregates. Also, in high silica contents,
dispersion of nanoparticles in matrix is not appropriate. For-
mation of aggregates could be the main reason for system in-
stability which causes decrease of conversion and molecular
weight.
Variations in PDI values for different samples are shown
in Figure 4. Introduction of silica nanoparticles into polymer-
ization media in free radical and RAFT systems totally causes
increment in PDI values. Albeit there is no obvious reason to jus-
tify such a phenomenon, nanoparticles could be assumed as im-
purities in polymerization media [34]. Also, PDI values for free
radical samples are much higher than RAFT samples. PDI values
for RAFT nanocompositeswith silica content less than 5wt% are
smaller than 1.5 that shows relatively good control is achieved
on molecular weight distribution of polystyrene.
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of styrene at 75 °C and in different contents of pristine nanoparticles.
Figure 3: TEM images for (a) F1, (b) F3, (c) F5 and (d) F7 nanocomposites.
3.2. Characterization of PS/silica nanocomposites
3.2.1. FTIR results
FTIR spectra of pristine silica nanoparticles, F5 nanocompos-
ite and polystyrene chainswhich are cleaved from F5 nanocom-
posites are shown in Figure 5 to confirm the presence ofFigure 4: PDI values versus conversion for free radical (a) and RAFT
(b) polymerizations of styrene at 75 °C and in different contents of pristine
nanoparticles.
silica in the nanocomposite. According to the results, the char-
acteristic peaks of pristine silica are observed at 810, 1170, and
3430 cm−1 which are related to Si–O–Si, Si–O–Si, andOHbands,
respectively. Also, the characteristic peak at 3430 cm−1 is at-
tributed to the moisture absorbed by KBr. In FTIR spectra of
F5 nanocomposite and PS chains separated from F5 nanocom-
posite, characteristic peaks of polystyrene are obvious. The
peaks at wave numbers of 3050 cm−1, 2920 cm−1, 2850 cm−1,
1635 cm−1, 1590 and 1490 cm−1, 1060 and 1020 cm−1, and 750
and 695 cm−1 are attributed to C–H aromatic stretching vibra-
tion, C–H asymmetric stretching vibration of CH2, C–H symmet-
ric stretching vibration of CH2, C–C stretching frequency of ring
in plane, C–H stretching vibration of ring in plane, C–H bending
vibration of ring in plane and C–H out-of-plane bending vibra-
tion of ring, respectively.
3.2.2. Thermophysical properties
As shown in Figure 6, TGA technique was used to study the
thermal stability of the prepared nanocomposites. According to
the results, the thermal stabilities of all the nanocomposites
are higher than the neat polystyrene. In the case of free
radical samples, one stage of degradation is observed which
2008 M. Salami-Kalajahi et al. / Scientia Iranica, Transactions F: Nanotechnology 19 (2012) 2004–2011Figure 5: FTIR spectra of pristine silica nanoparticles, F5 nanocomposite and
cleaved polystyrene chains from F5 nanocomposites.
is related to random chain scission while degradation of
RAFT nanocomposites occurs in two steps. The first step of
degradation can be ascribed to the decomposition of thiol
moiety of RAFT agents which are attached to polymer chains
and the second step of degradation is random chain scission.
Some thermal properties of nanocomposites are summarized in
Table 1. According to the results, random chain scission occurs
at 400–425 °C and increasing silica content up to 5 wt% results
in increasing degradation temperature. In nanocomposites
with 7 and 9 wt% loading of nanoparticles, decomposition
temperature decreases due to improper dispersion of silica.
Also, thermal properties of free radical samples are better
than RAFT nanocomposites which are attributed to lower
molecular weight of chains prepared via RAFT polymerization.
Degradation of RAFT moieties takes place at 160–180 °C which
is delayed with increasing silica content.
Dynamic Mechanical Thermal Analyses (DMTA) are used to
studydynamicmechanical properties of nanocomposites. In de-
termining such properties, the filler–filler and polymer-filler in-
teractions are competitive; when filler–filler interactions are
stronger, tight agglomerates are formed and the dispersion is
not appropriate. Figures 7 and 8 show the variation of storage
modulus (E ′) and tan δ versus temperature for nanocomposites.
In addition, someproperties are summarized in Table 2. Accord-
ing to the results, the storage modulus values for all nanocom-
posites are higher than for the neat polystyrene samples while
in both cases (free radical and RAFT polymerizations), E ′ for
5 wt% silica content is higher than for 7 and 9 wt% of silica con-
tent. This corroborates the explanation provided above. At 7 and
9wt% loadings of nanoparticles, the silica agglomeration occurs,
which weakens polymer plus filler interactions i.e. at 5 wt% sil-
ica content, better dispersion favors the polymer plus filler in-
teractions. So, the filler dispersion seems the most importantFigure 6: TGA thermograms for PS/pristine silica nanocomposites prepared via
free radical (a) and RAFT (b) polymerization at 75 °C and in different contents
of nanoparticles.
Table 1: Thermal properties of PS/pristine silica nanoparticles prepared via
free radical and RAFT polymerization at 75 ° C and in different contents of
nanoparticles.
Sample T0.1 (°C) T0.5 (°C) Char (%) TFirst Peak (°C) TSecond Peak (° C)
F0 378.8 406.1 0.88 – 410.3
F1 380.9 411.5 2.53 – 413.8
F3 390.4 416.8 4.65 – 418.2
F5 396.9 423.2 7.47 – 424.9
F7 394.9 426.7 9.57 – 422.3
F9 386.9 417.2 11.23 – 415.2
L0 362.2 399.3 0.33 162.9 403.7
L1 366.4 403.5 1.44 167.3 407.3
L3 376.5 412.1 5.27 175.1 415.9
L5 386.1 419.2 8.35 180.2 421.0
L7 380.4 417.8 13.28 176.1 414.5
L9 379.6 413.3 15.20 169.4 415.3
parameter affecting the storage modulus in the glassy region.
Table 2 shows E ′ for the rubbery region in which the situation
is the same as glassy region. In every loading of silica nanoparti-
cles, the E ′ values for free radical samples are higher than RAFT
samples which resulted in lower molecular weight of samples
prepared via RAFT polymerization. Table 2 shows also Tg val-
ues that are considered the temperature inwhich themaximum
values of tan δ are reached. Also, DSC curves of different samples
are shown in Figure 9. Results show that the highest Tg value is
M. Salami-Kalajahi et al. / Scientia Iranica, Transactions F: Nanotechnology 19 (2012) 2004–2011 2009Figure 7: Storage modulus (E ′) and tan δ values for nanocomposites prepared
via free radical polymerization at 75 °C and in different contents of
nanoparticles.
obtained for 5 wt% silica content in both free radical and RAFT
nanocomposites while Tg values for free radical nanocompos-
ites are higher than RAFT nanocomposites due to lower molec-
ular weight of samples prepared via RAFT polymerization. The
increase of Tg values due to increase of silica content up to 5wt%
is mainly because of the restricted segmental motion of poly-
mer chains which are confined within silica nanoparticles. The
lower values of Tg in samples with 7 and 9 wt% are related to
the low molecular weight of their polymer matrix as discussed
previously. Nanoparticles affect the Tg value by limiting the seg-
mental motion of polymer chains, which resulted in an increase
in the Tg value; however, lowmolecular weight polymer chains
act as a plasticizer and decreases the Tg of the nanocomposite.
The maximum value of tan δ, which is related to the number
of polymeric chains that undergo the transition, decreases with
increasing silica content as seen in Figures 7 and 8 and Table 2.
The decreasing PS concentration is reflected in the lower tan δ
heights. Additionally, theDSC results for Tg values support those
from DMTA, as already explained the reason for this behavior
(Table 2). In other words, DMTA produces higher Tg values than
DSC because of the measurement of extrinsic mechanical prop-
erties rather than intrinsic heat capacity and the poorer temper-
ature control of the instrument. Thus, DSC could produce more
accurate and meaningful Tg .Figure 8: Storage modulus (E ′) and tan δ values for nanocomposites prepared
via RAFT polymerization at 75 °C and in different contents of nanoparticles.
Table 2: DMTA and DSC results of PS/pristine silica nanoparticles prepared
via free radical and RAFT polymerization at 75 °C and in different contents
of nanoparticles.
Sample DMTA DSC
E ′Glassy at
30 °C (GPa)
E ′Rubbery at
150 °C (MPa)
Tg (°C) tan δmax Tg (°C)
F0 1.13 1.65 95.7 0.85 89.3
F1 1.34 1.81 100.1 0.79 94.6
F3 1.50 1.86 104.9 0.76 99.6
F5 1.83 2.25 110.6 0.70 104.3
F7 1.81 2.25 107.6 0.68 100.9
F9 1.81 2.22 107.1 0.67 99.8
L0 1.07 1.35 85.2 0.96 84.7
L1 1.24 1.54 92.2 0.90 87.8
L3 1.42 1.62 97.7 0.82 91.4
L5 1.64 1.90 101.3 0.70 96.0
L7 1.52 1.87 94.4 0.67 93.3
L9 1.49 1.84 93.2 0.63 91.1
4. Conclusion
To investigate the effect of nanoparticle loading on the
polymerization kinetics, styrene was polymerized via free
radical and RAFT polymerizations at 75 °C in the nanoparticles
loadings of 0, 1, 3, 5, 7, and 9 wt% with respect to monomer.
In both free radical and RAFT polymerization, monomer
conversion increases with increasing silica content up to
2010 M. Salami-Kalajahi et al. / Scientia Iranica, Transactions F: Nanotechnology 19 (2012) 2004–2011Figure 9: DSC curves for PS/pristine silica nanocomposites prepared via free
radical (a) and RAFT (b) polymerization at 75 °C and in different contents of
nanoparticles.
5 wt% and then it decreases by adding 7 and 9 wt% pristine
nanoparticles. But, conversion values for RAFT polymerizations
are much lower than free radical polymerization. In free
radical samples, Mn increases as reaction progresses. In RAFT
samples, Mn increases linearly with conversion due to living
characteristic of RAFT polymerization. Also, increasing silica
contents leads to a maximum value of Mn at 5 wt% of silica
content in both free radical and RAFT samples. Introduction of
silica nanoparticles into polymerization media in free radical
and RAFT systems totally causes increment in PDI values. Also,
PDI values for free radical samples are much higher than RAFT
samples. PDI values for RAFT nanocomposites except L7 and
L9 are smaller than 1.5 that shows relatively good control
is achieved on molecular weight distribution of polystyrene.
Thermal stabilities of all the nanocomposites are higher than
the neat polystyrene. In the case of free radical samples, one
stage of degradation is observed while degradation of RAFT
nanocomposites occurs in two steps. Also, thermal properties of
free radical samples are better than RAFT nanocomposites. The
storage modulus values for all nanocomposites are higher than
those for the neat polystyrene samples while in both cases, E ′
for 5 wt% silica content is higher than for 7 wt% silica content
and in every loading of silica nanoparticles, the E ′ values for
free radical samples are higher than RAFT samples. The resultsshow that the highest Tg value is obtained for 5 wt% silica
content in both free radical and RAFT nanocomposites while
Tg values for free radical nanocomposites are higher than RAFT
nanocomposites. Also, the maximum value of tan δ decreases
with increasing silica content.
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